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Abstract
Erns is a pestivirus envelope glycoprotein indispensable for virus attachment and infection of target cells. Unlike the other two envelope
proteins E1 and E2, Erns lacks a transmembrane domain and a vast quantity is secreted into the medium of infected cells. The protein is also
present in fractions of pure pestivirus virions, raising the important and intriguing question regarding the mechanism of its attachment to
the pestivirus envelope. In this study a direct interaction between Erns and E2 glycoproteins was demonstrated in both pestivirus-infected
cells and mature virions. By co- and sequential immunoprecipitation we showed that an Erns-E2 heterodimer is assembled very early after
translation of the viral polyprotein and before its processing is completed. Our results suggest that Erns is attached to the pestivirus envelope
via a direct interaction with E2 and explain the role of Erns in the initial virus–target cell interaction.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Bovine viral diarrhea virus (BVDV), classical swine fe-
ver virus (CSFV), and border disease virus (BDV) are
small, enveloped, positive-stranded RNA viruses that be-
long to the genus Pestivirus of the Flaviviridae family
(Francki et al., 1991; Becher et al., 1999). All three viruses
are important disease agents of livestock (Brownlie et al.,
1984; Westaway et al., 1985). The pestivirus genome varies
in length from 12.5 to 16.5 kb (Collett et al., 1988; Meyers
et al., 1989) and codes for a single virus polyprotein, which
is co- and posttranslationally converted into mature proteins
by a combination of virus and host cell proteases (Ru-
menapf et al., 1993).
The pestivirus virion contains three structural glycopro-
teins: Erns, E1, and E2 (Stark et al., 1990; Thiel et al., 1991).
Studies on the interaction between the three glycoproteins
have been carried out for both CSFV and BVDV. The Erns
and E1 glycoproteins are initially present in infected cells as
a stable precursor and processing cleavage at Erns/E1 site
occurs only at later stages of polypeptide (Rumenapf et al.,
1993; Collett et al., 1988; 1991). Thereafter, Erns forms a
disulfide-bonded homodimer (Rumenapf et al., 1993; Konig
et al., 1995), whereas E1 forms a disulfide-bonded het-
erodimer with E2, which is thought to be the major complex
of the mature virion (Weiland et al., 1990; Branza-Nichita et
al., 2001). Erns glycoprotein has been shown to possess a
highly unusual enzymatic activity, that of a ribonuclease
(Schneider et al., 1993; Hulst et al., 1994; Windish et al.,
1996), and very recently, an interesting feature of its C-
terminal domain has been demonstrated: the ability to trans-
locate across eukaryotic cell membranes (Langedijk, 2002).
Unlike E1 and E2 that are transmembrane glycoproteins,
Erns lacks a membrane anchor and significant amounts are
secreted from infected cells. However, Erns has also been
shown to be present in purified virion samples (Rumenapf et
al., 1993) and inhibition studies with E2 and Erns produced
in insect cells showed that both envelope proteins are in-
dispensable for virus attachment and entry into susceptible
cells (Hulst and Moormann, 1997). Although noncovalent
interactions with the E1-E2 dimer or hydrophobic interac-
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tions with the lipid bilayer were suggested as possible
mechanisms underlying the Erns association with the virion,
no experimental data have been available so far to support
either mechanism.
In this article we report a direct interaction of Erns with
E2 and describe for the first time the existence of an Erns-E2
heterodimer in both BVDV-infected MDBK cells and se-
creted virions. By co- and sequential immunoprecipitation
we studied the kinetic of this association and show that Erns
interacts with E2 very early after translation to form a
noncovalently linked heterodimer, which is later on stabi-
lized by disulfide bonds. Our results suggest a mechanism
by which the Erns glycoprotein is attached to mature pesti-
viral virions.
Results
Biosynthesis of Erns glycoprotein in BVDV-infected
MDBK cells
Expression of the BVDV Erns was analyzed by immu-
noblotting and radioimunoprecipitation, using a new mono-
clonal antibody (MAb) raised against this glycoprotein
(MAb 210). Fig. 1 shows the steady-state expression of Erns
in MDBK cells, at 36 h postinfection. As previously dem-
onstrated for CSFV and BVDV Erns expressed in different
cell lines (Rumenapf et al., 1993; Iqbal et al., 2000), both
monomeric and dimeric forms of the protein were revealed
in MDBK cells, by Western blot analysis under nonreduc-
ing conditions. The Erns glycoprotein was mainly expressed
as a dimer, which migrated as a broad band of approxi-
mately 100 kDa, while a faint band corresponding to the
monomer was visible on gel (Fig. 1A, NR). The MAb 210
barely recognized the Erns migrated under reducing condi-
tions (Fig. 1A, R). Therefore to look at the reduced forms of
the glycoprotein, we radioactively labeled the MDBK-in-
fected cells, immunoprecipitated the cell lysates with the
MAb 210 under nonreducing conditions, and then ran the
immunoprecipitated proteins under reducing conditions.
The cells were pulse-labeled for 15 min and chased for the
time indicated (Fig. 1B). Interestingly, in addition to a band
with an apparent molecular mass of 48 kDa corresponding
to the monomeric form of Erns (Rumenapf et al., 1993),
three other proteins were immunoprecipitated by the MAb
210: a doublet migrating immediately above the Erns mono-
mer and an upper band, with apparent molecular masses of
about 55–60 and 75 kDa, respectively. Since none of these
proteins was found in controls (mock-infected cells), they
clearly represented virus-encoded proteins. The molecular
weight and the reactivity of the higher migrating band with
the MAb 210 suggest that it might be an Erns-E1 precursor.
A relatively stable Erns-E1 precursor was previously de-
scribed after expression of CSFV structural proteins using a
vaccinia virus recombinant system (Rumenapf et al., 1993).
The situation may be similar in BVDV-infected MDBK
cells, where the 75-kDa precursor is slowly, posttranslation-
ally processed into the corresponding proteins, with a half-
life of about 60 min (see the parallel accumulation of the
Erns, Fig. 1B). However, whether or not this precursor con-
tains the E1 glycoprotein as well, can only be established
based on its reactivity with anti-E1 antibodies, which are not
yet available. We next attempted to determine the molecular
identity of the remaining doublet coprecipitating with Erns.
Erns interacts with the E2/E2-p7 glycoproteins in MDBK
cells
Based on the molecular size and the migration pattern on
SDS–PAGE, the strongest candidates for the protein dou-
blet coprecipitated by the anti-Erns antibodies were the E2
glycoprotein and its uncleaved precursor E2-p7 (Harada et
al., 2000; Branza-Nichita et al., 2001). To determine
whether the coprecipitating proteins were glycosylated, we
performed a pulse-chase experiment on BVDV-infected
MDBK cells. The cell lysates were immunoprecipitated
Fig. 1. Analysis of BVDV envelope glycoproteins expressed in MDBK
cells. MDBK cells were infected with BVDV (NADL) at an m.o.i. of 0.1.
Thirty-six hours p.i. the cells were lysed and analyzed by SDS–10% PAGE
under nonreducing (lane NR) and reducing (lane R) conditions, followed
by Western blot analysis with anti-Erns Mab 210 (A), or pulse-labeled with
[35S]methionine-[35S]cysteine for 15 min, chased for the times indicated,
lysed, and immunoprecipitated with MAb 210. Immunoprecipitated pro-
teins were separated by SDS–10% PAGE under reducing conditions and
analyzed by autoradiography (B).
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with the MAb 210 and the bound proteins were either
subjected to endo--D-N-acetylglucosaminidase H (Endo H)
digestion, or left untreated. As shown in Fig. 2A, the same
four bands were present in the untreated () samples, with
the amount of the Erns monomer slightly increasing through-
out the chase, most probably due to the posttranslational
Fig. 2. Erns interacts with E2 glycoproteins in BVDV-infected cells. MDBK cells were infected with BVDV at an m.o.i. of 0.1. (A) Thirty-six hours p.i. the
cells were labeled and immunoprecipitated as described in Fig. 1B. The bound proteins were either subjected to Endo H digestion (), or left untreated ().
(B) The infected cells were analyzed by Western blot using the anti-E2 MAb 214. Cell lysates were either left untreated (lane 2) or digested with Endo H
(lane 3) and PNGase F (lane 4). Mock-infected cells were included as control (lane 1). (C) Thirty-six hours p.i. the cells were labeled for 15 min and chased
for 1 h. Cell lysates were immunoprecipitated with either MAb 210 (lanes 1 and 2) or with MAb 214 (lanes 3 and 4) and separated by SDS–10% PAGE under
reducing conditions followed by autoradiography. Mock-infected cells were included as control (lanes 1 and 3). (D) The supernatants resulted after
immunoprecipitation with MAb 210 at 30 min of chase (untreated samples, the experiment described in Fig. 2A) were split in two and reprecipitated with
either anti-E2 Mab 166 (lane 1) or with MAb 210 (lane 2). In lane 3 a double (sequential) immunoprecipitation after pulse-labeling the infected MDBK cells
for 1.5 h was performed. The cell lysates were first immunoprecipitated with MAb 210 and the bound proteins eluted by heat denaturing the samples under
nonreducing conditions were reprecipitated with MAb 166. Immunoprecipitated proteins were separated by SDS–10% PAGE under reducing conditions and
analyzed by autoradiography.
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processing of the Erns-containing precursor. The Endo H
treatment of the proteins immunoprecipitated by the
MAb 210 resulted in an increase of their mobility (
samples) corresponding to the apparent molecular masses
of Erns and E2/E2p-7 polypeptides. Interestingly, both
Erns and E2 were completely susceptible to Endo H di-
gestion for up to 3 h of chase, demonstrating that the
proteins were glycosylated, and also that their carbohy-
drate moieties had not been processed to complex struc-
tures by medial and trans-Golgi-resident enzymes. Even
after 6 h postlabeling, the proteins still remained com-
pletely susceptible to Endo H treatment (data not shown).
This suggests that the complexes are long retained in an
early compartment of the secretory pathway, possibly the
site of virus assembly and budding, as suggested by
another study (Grummer et al., 2001). A similar Endo H
digestion pattern was obtained in a separate experiment
analyzing the steady-state expression of the E2/E2-p7
glycoproteins in BVDV-infected MDBK cells, by West-
ern blot and immunostaining with anti-E2 MAb 214. As
shown in Fig. 2B, following Endo H treatment both
proteins were digested to the corresponding polypeptides.
This result was confirmed by digestion with peptide N-
glycanase F (PNGase F), which completely removes the
N-linked glycans of the proteins, regardless to their struc-
ture.
For a better understanding of the result presented in Fig.
2A, the BVDV-infected cell lysates harvested at 1 h post-
pulse were divided in two and subjected to immunoprecipi-
tation with either anti-Erns MAb 210 or anti-E2 MAb 214.
The immunoprecipitated proteins were run in neighboring
lanes on the same gel (Fig. 2C). Interestingly, the protein
doublet pulled down by the MAb 210 (Fig. 2C, lane 2) ran
at the same position as the E2/E2-p7 glycoproteins immu-
noprecipitated by the MAb 214 (Fig. 2C, lane 4).
Taken together, the results described above strongly sug-
gest that E2/E2-p7 are the viral proteins coprecipitating with
Erns, implying a direct interaction between these structural
proteins. There was however a slight possibility that the
anti-Erns MAb 210 would directly and nonspecifically in-
teract with the E2/E2-p7 glycoproteins. To rule out this
possibility as well as to undoubtedly prove the identity of
the E2/E2-p7 doublet, two additional control experiments
were performed.
In a first experiment, the supernatants resulted after im-
munoprecipitation with MAb 210 at 30 min of chase (un-
treated samples, the experiment described in Fig. 2A) were
split in two and reprecipitated with either MAb 210 or with
a monoclonal antibody raised against E2, the MAb 166,
described previously (Durantel et al., 2001). While the E2/
E2-p7 glycoproteins were readily immunoprecipitated by
the MAb 166 (Fig. 2D, lane 1), none of these proteins were
present in the MAb 210 immunoprecipitate (Fig. 2D, lane
2), clearly demonstrating that the MAb 210 was not able to
pull down the E2/E2-p7 glycoproteins unless they were in
interaction with Erns. The lack of the Erns in this supernatant
as well (Fig. 2D, lane 2) demonstrates that the first round of
immunoprecipitation with the MAb 210 was quantitative.
As shown in Fig. 2D, lane 1, a significant amount of E2/
E2-p7 was still present in supernatants after immunopre-
cipitation with the MAb 210, suggesting that only a fraction
of the two glycoproteins was associated with Erns. This
result was expected, since E2/E2-p7 are known to partici-
pate in two other dimerization processes, the formation of
homodimers as well as heterodimers with E1.
In a second experiment, we performed a double (sequen-
tial) immunoprecipitation after pulse-labeling the infected
MDBK cells for 1.5 h. The cell lysates were first immuno-
precipitated with MAb 210 and the bound proteins eluted by
heat denaturing the samples in the presence of sodium
dodecyl sulfate (SDS) were reprecipitated with anti-E2
MAb 166 and run on SDS–polyacrylamide gel electro-
phoresis (PAGE) under reducing conditions. As shown in
Fig. 2D, lane 3, the doublet corresponding to the E2/E2-p7
proteins was readily detectable on gel. Interestingly, a band
corresponding to the Erns monomer was also present, sug-
gesting that the interaction between Erns and E2/E2-p7 had
not been destroyed by heat denaturation and the Erns-E2/
E2-p7 complex was bound by the anti-E2 antibodies in the
second round of immunoprecipitation.
Kinetic of Erns interaction with E2/E2-p7 glycoproteins
Having established that Erns and E2/E2-p7 interact to
form a heterodimer, we wanted to characterize further the
kinetic as well as the nature of this association. A pulse-
chase experiment was performed, followed by immunopre-
cipitation with anti-Erns antibodies and SDS–PAGE under
reducing conditions (Fig. 3A). The E2/E2-p7 doublet was
present on gel already after the 15 min of pulse, its intensity
decreasing gradually between the hours 3 and 8 of chase,
possibly due to assembly of the complexes into virions and
their subsequent secretion into the medium. The band cor-
responding to Erns was also decreasing during the chase,
although not at the same rate. This result was rather ex-
pected since a simultaneous cleavage of the protein from the
Erns-E1 precursor still occurs, even at later chase hours (Fig.
3A).
To determine the nature of the interaction between Erns
and E2/E2-p7, a similar experiment to that described in Fig.
3A was performed, except that the cells were pulse-labeled
for 5 min only. The migration of the proteins immunopre-
cipitated by the MAb 210 at different chase times was
analyzed on SDS–PAGE under nonreducing conditions and
compared with the reduced sample collected at 0 min post-
pulse. The results are shown in Fig. 3B. Under nonreducing
conditions the E2/E2-p7 doublet migrates as a diffuse band
(indicated with an arrow), with a higher mobility than its
reduced counterpart, due to formation of intramolecular
disulfide bonds (Branza-Nichita et al., 2001). This band was
visible for up to 1 h of chase and then disappeared, while a
broad band with an apparent molecular mass of approxi-
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mately 100 kDa became apparent on gel (Fig. 3B, the band
marked with a star). These findings suggest that up to 1 h
postpulse the complex between Erns and E2 was susceptible
to SDS/heat denaturation and therefore converted into the
corresponding monomers. The consequent formation of the
100-kDa complex resistant to SDS/heat treatment indicates
a covalent interaction between the monomers. There might
be more interpretations regarding the molecular composi-
tion of this upper band, the most plausible one suggesting
a mixture of disulfide-bonded Erns-Erns and Erns-E2/E2-p7
homo- and heterodimers, respectively. The reason for this
conclusion will be commented in detail under the Discus-
sion.
The supernatants resulted after immunoprecipitation
with MAb 210 in the experiment described in Fig. 3B were
further subjected to immunoprecipitation using the anti E2
MAb 214 to analyze in detail the fate of the E2/E2-p7
glycoproteins that have not associated with Erns. The im-
munoprecipitated proteins were run on SDS–PAGE under
the same conditions described in Fig. 3B. As shown in Fig.
3C, both E2 and E2-p7 could be detected in the reduced
sample at 0 min postpulse, as expected. Analysis of the
samples under nonreducing conditions revealed the shifted
mobility of the E2/E2-p7 monomers and their slower dis-
appearance by minute 180 of chase accompanied by a par-
allel accumulation of the E1-E2 and E2-E2 dimers. The
same kinetic of the homo- and heterodimer formation has
been previously described (Branza-Nichita et al., 2001)
when whole cell lysates were used for immunoprecipitation
with MAb 214, indicating again that only a small fraction of
E2 glycoproteins is involved in formation of complexes
with Erns and this process followed a different kinetic.
To allow for a better comparison between the dimers
immunoprecipitated by the MAb 210 and those pulled down
by the MAb 214, the experiment shown in Fig. 2C was
repeated under the same conditions, and cell lysates were
split in two and immunoprecipitated with either antibody.
The precipitates were run next to each other on the same gel,
under nonreducing conditions, along internal controls. As
shown in Fig 3D, both monomers and dimers were readily
detected in infected samples (lanes 2 and 4 show the 210
and 214 MAb precipitates, respectively), but not in controls
(lanes 1 and 3). Unlike in Fig. 2C, lane 2, the doublet
identified as E2/E2-p7 glycoproteins, present in the MAb
210 immunoprecipitate, disappears under nonreducing con-
ditions (Fig. 3D, lane 2), while a diffuse band of approxi-
mately 100 kDa is visible in the upper part of the gel. This
band has a similar apparent electrophoretic mobility to the
E2 dimers immunoprecipitated by the MAb 214, shown in
Fig. 3D, lane 4. Together, these findings strongly point to
the conclusion that Erns and E2/E2-p7 glycoproteins interact
together to form a heterodimer.
Erns-E2 heterodimers are present in the envelope of
secreted virions
To determine if formation of Erns-E2 heterodimers was
part of a “dead end” or a functional pathway, we next
investigated whether this complex synthesized in infected
cells was also part of the envelope of mature BVDV parti-
cles released into the medium. To address this point, we
Fig. 3. Kinetics of the interaction between Erns and E2 glycoproteins.
MDBK cells were infected with BVDV at an m.o.i. of 0.1. (A) Thirty-six
hours p.i. the cells were pulse-labeled with [35S]methionine-[35S]cysteine
for 15 min and chased for the times indicated. The cells were lysed and
immunoprecipitated with MAb 210. Immunoprecipitated proteins were
separated by SDS–10% PAGE under reducing conditions. (B) Conditions
were the same as described for panel A, except that the cells were pulse-
labeled for 5 min only and immunoprecipitated proteins were separated by
SDS–12% PAGE under reducing (lanes R) and nonreducing (lanes NR)
conditions. The E2 monomers and the 100-kDa dimers are marked with an
arrow and a star, respectively. (C) Supernatants resulted after immunopre-
cipitation with MAb 210 of the samples described in panel B were repre-
cipitated with anti-E2 MAb 214. Immunoprecipitated proteins were sepa-
rated by SDS–10% PAGE under reducing (lanes R) and nonreducing (lanes
NR) conditions. Mock-infected cells were included as controls. (D) Thirty-
six h p.i. the cells were labeled for 15 min and chased for 1 h. Cell lysates
were immunoprecipitated with either MAb 210 (lanes 1 and 2) or with
MAb 214 (lanes 3 and 4) and separated by SDS–10% PAGE under
nonreducing conditions followed by autoradiography. Mock-infected cells
were included as control (lanes 1 and 3).
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continuously pulse-labeled the infected cells for 2 h and
allowed the labeled virions to accumulate into the medium
for 24 h. The medium was processed by ultracentrifugation
through a 20% sucrose cushion and the pellet was collected
for further analysis by immunoprecipitation with anti-Erns
MAb 210 and SDS–PAGE under reducing conditions. As
shown in Fig. 4A (lane 1), in addition to the band corre-
sponding to the Erns monomer, a diffuse, broad band was
visible in the purified virion sample, which was absent in the
mock-infected sample (lane 3). There might be more inter-
pretations regarding the molecular identity of these proteins:
they could be higher molecular weight Erns glycoforms, E2,
or its uncleaved precursor E2-p7, glycoproteins. We next
subjected the pool of the proteins from lane 1 to digestion
with PNGase F. Since the endoglycosidase completely re-
moves the N-linked glycans attached to glycoproteins, this
experiment would offer an indication as to the number of
the polypeptides present in the MAb 210 immunoprecipi-
tate. Following digestion with PNGase F, the glycoproteins
shown in lane 1 were resolved into two bands (lane 2) with
electrophoretic mobilities corresponding to the Erns and E2
polypeptides. If the identification of the lower mobility band
as Erns polypeptide is clear, only an antibody raised against
the p7 peptide could precisely show whether the higher
mobility band coprecipitating with Erns in the PNGase F
digested sample is the E2 polypeptide alone, or its precursor
E2-p7.
A contamination problem with cellular components may
sometimes arise during cytopathic BVDV strain purifica-
tion, due to the apoptotic effect, cell death, and lysis. To
exclude the presence of cellular debris in our purified
BVDV sample, a control experiment was performed under
the conditions described in Fig. 4A, except that the cells
were left unlabeled and the medium was collected 36 h
postinfection (pi). The BVDV pellet was split in three equal
amounts, digested with either Endo H or PNGase F, and
subjected to SDS–PAGE followed by Western blot with
anti-E2 MAb 214. The choice of this antibody was made
based on its very good reactivity with denatured E2 glyco-
proteins, unlike the anti-Erns antibodies that recognize only
poorly the corresponding reduced antigen. The results are
presented in Fig. 4B. Interestingly, unlike the E2 glycopro-
teins expressed in BVDV-infected cells, which show com-
plete sensitivity to Endo H digestion (see Fig 2B, lane 3 for
comparison), the majority of E2 found on the surface of the
virions is resistant to this digestion. This suggests a matu-
ration of the N-glycans to complex structures, as expected
for most secreted glyproteins that are transported through
the Golgi compartment (Fig. 4B, lane 3). Also, the digestion
with PNGase F reveals the presence of one polypeptide only
(Fig. 4, lane 4) as opposed to the cells, where both E2/E2-p7
polypeptides were clearly present (see Fig. 2B, lane 4).
These results confirm, on one hand, the data shown before
in Fig. 4A, raising again the question of whether or not the
unprocessed E2-p7 is present on mature virions, and prove
that the purified BVDV sample was not contaminated, at
least significantly, with intracellular debris, on the other
hand.
Discussion
Expression of the Erns glycoprotein is restricted to the
Pestivirus genus of the Flaviviridae family. At least two
properties, recently described, make this protein unique
among the proteins coded by the pestivirus genome: a ribo-
nuclease enzymatic activity and the ability to translocate
across the plasma membrane of a large variety of eukaryotic
cells.
Erns was found to be a target for antibody neutralization
Fig. 4. Demonstration of the Erns-E2 interaction in secreted BVDV virions.
Subconfluent MDBK cells were infected with BVDV at an m.o.i. of 0.1.
(A) Cells were labeled for 2 h and secreted virions were allowed to
accumulate into the medium for 24 h. Pelleted virions obtained as de-
scribed under Materials and methods, were lysed and immunoprecipitated
with MAb 210. The bound proteins were either left untreated (lane 1) or
digested with PNGase F (lane 2). Mock-infected cells were included as
control (lane 3). The proteins were separated by SDS–10% PAGE under
reducing conditions. (B) Infected cells were left unlabeled and the virions
were allowed to accumulate into the medium for 36 h. The viral proteins
were digested with either Endo H (lane 3) or PNGase F (lane 4), or left
untreated (lane 2). Mock-infected cells were included as control (lane 1).
The viral proteins were analyzed by SDS–10% PAGE under reducing
conditions, followed by Western blot using the anti-E2 MAb 214.
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(Donis et al., 1988) and to induce protective immunity
against CSFV (Konig et al., 1995). Recent studies suggest
that its interaction with the plasma membrane is essential
for pestivirus infection (Hulst and Moormann, 1997) and
propose a mechanism by which Erns may be directly in-
volved in virus binding to target host cells (Iqbal et al.,
2000; Hulst et al., 2001). These findings are not surprising
since Erns is believed to be a structural part of the pestivirus
mature virion, although the nature of its interaction with the
viral envelope or its components has never been defined or
investigated.
The main purpose of our study was to determine the
mechanism by which the pestivirus glycoprotein Erns is
attached to mature virions. To this end, we made use of a
newly described anti-Erns monoclonal antibody, the MAb
210, and analyzed in detail the biosynthesis, processing, and
dimerization of the Erns protein in BVDV-infected MDBK
cells.
In the course of studying the Erns synthesis by pulse-
chase and immunoprecipitation with MAb 210, three addi-
tional proteins were found to coprecipitate with this glyco-
protein. The higher molecular mass protein was suggested
to be an Erns-E1 precursor based on (i) its apparent molec-
ular weight, (ii) its reactivity with anti- Erns antibodies, and
(iii) its precursor-product relationship with Erns. However,
only an immunoprecipitation with antibodies directed
against E1 could answer the question whether or not E1 is
a component of the Erns containing precursor. It should be
also noted that this precursor could not be detected by
Western blotting using the same antibody due to its low
steady-state expression level.
The electrophoretic mobility, the susceptibility to Endo
H digestion (Fig. 2A), and most importantly, the reactivity
with the anti-E2 MAb 166 (Fig. 2D), as well as the direct,
lane-to-lane comparison with the MAb 214 precipitate (Fig.
2C), unambiguously clarified the molecular identity of the
other two viral proteins coprecipitating with Erns in infected
cells, as E2/E2-p7. Under the experimental conditions de-
scribed, this coprecipitation is a direct indication of a stable
interaction between Erns and E2/E2-p7. A very short pulse-
labeling of infected cells followed by chase and immuno-
precipitation under both nonreducing and reducing condi-
tions allowed us to determine the kinetics, as well as the
nature of this association. Interestingly, the interaction be-
tween Erns and E2 begins very early during the 5 min of
pulse. The amount of coprecipitated E2 glycoproteins re-
mains constant for up to 3 h, time most probably necessary
for virus assembly and budding, and then gradually de-
creases throughout the chase, due to the release of mature
particles into the medium.
The immunoprecipitation under nonreducing condi-
tions revealed the existence of both Erns and E2 glycop-
roteins as monomers for up to 1 h posttranslation and the
formation of a 100-kDa complex accompanied by the
disappearance of the E2 monomers thereafter. Therefore,
this complex must contain E2. Since it reacted with the
MAb 210, the Erns glycoprotein should also be part of the
complex. The susceptibility of the complex to denatur-
ation under reducing conditions is an indication that its
components are linked by intermolecular disulfide bonds.
Although the intensity of the band corresponding to the
Erns monomer also decreaseas after 1 h postpulse, an
important amount of monomer was still present within
the cells at 3 h of chase. This rather intriguing result
could be explained by a parallel accumulation of the Erns
monomer due to the posttranslational processing of the
realitively long-lived Erns-containing precursor. Steady-
state experiments published before and our own data
clearly show that Erns is mainly expressed as a disulfide-
linked dimer with an apparent molecular mass of approx-
imately 100 kDa. However, no other high molecular
complex was visible in our pulse-chase experiments for
up to 3 h (Fig. 3B) or at later chase times (data not
shown), except the 100-kDa band described before.
Based on these observations, we suggest that the 100-kDa
complex contains both disulfide-linked Erns-E2 het-
erodimers and Erns-Erns homodimers. Thus, Erns and E2
interact noncovalently to form a heterodimer immedi-
ately after the cleavage of the former from the Erns-
containing precursor and the complex is later on stabi-
lized by disulfide bonds. The E2 glycoprotein was
previously shown to acquire very rapidly its intramolec-
ular disulfide bonds (1, and Fig. 3C); therefore, by the
time it interacts with Erns, E2 would have already folded.
Because no such intramolecular oxidation process was
clearly visible for Erns on SDS–PAGE under nonreducing
conditions, the folding state at the time of its early
interaction with E2 is uncertain. It is however tempting to
speculate that E2 would assist the folding process of Erns
and prevents its premature dimerization and possibly
aggregation. Once the Erns monomers have acquired a
native conformation, homo- and heterodimers stabilized
by intermolecular disulfide bonds are formed.
An interaction between Erns and E2 was also evidenced
on secreted virions. Unlike within the cells, in this case, it is
not clear if the glycoprotein coprecipitating with Erns is E2,
or its uncleaved precursor, E2-p7. It has been previously
shown that E2-p7 is not required for generation of infectious
virions (Harada et al., 2000), but further studies are needed
to determine whether or not this glycoprotein is present on
the surface of mature BVDV.
The interaction between the pestiviral structural pro-
teins has been extensively studied and yet the Erns-E2
heterodimer has not been described before. There might
be several explanations for this. One is that the apparent
molecular masses of Erns-Erns and Erns-E2 dimers are
almost identical and therefore the complexes are indis-
tinguishable on SDS–PAGE and Western blots stained
with either anti-Erns or E2 antibodies. This is supported
by the observation that under nonreducing conditions
these dimers always migrate as broad, diffuse bands,
suggesting a mixture of proteins (see, for example, Fig.
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3D). Another possible reason is that the antibodies used
so far in different studies were not able to recognize the
Erns-E2 heterodimer. For instance, in our hands, the an-
ti-E2 MAb 214 that shows a good reactivity against the
E1-E2 and E2-E2 dimers, both on Western blots and
immunoprecipitation (Branza-Nichita et al., 2001; Dur-
antel et al., 2001), did not recognize the Erns-E2 het-
erodimer (data not shown), while the anti-E2 MAb 166
did. This also explains why we were not able to detect a
coprecipitation of Erns with E2 in our previous immuno-
precipitation studies using the MAb 214.
In conclusion, we have shown for the first time that an
Erns-E2 heterodimer is present in both BVDV-infected cells
and mature virions. The data outlined in this article suggest
a mechanism for the association of the Erns with the pesti-
virus envelope and explains the importance of Erns in the
initial virus–host interaction necessary for pestivirus infec-
tion and the immune response against this structural protein.
The association of Erns with E2 may also help to understand
previous intriguing findings, such as the more effective
binding of anti-Erns antibodies to secreted virions, as op-
posed to the anti-E2 antibodies (Weiland et al., 1999). A
possible explanation for this result is that E2 reactive
epitopes are hidden due to its interaction with Erns, which in
turn, may be better exposed on the viral envelope.
It is interesting to note that another possible mechanism
for Erns anchoring into the viral envelope might be through
its C-terminal active domain, which is capable of crossing
the plasma membrane of mammalian cells (Langedijk,
2002). However, so far there are no experimental data to
support this hypothesis.
Materials and methods
Cell culture, virus, and enzymes
MDBK cells obtained from the European Collection of
Animal Cell Cultures, Porton Down, United Kingdom and
cytopathic BVDV virus NADL strain (Gutekunst and
Malmquist, 1963) obtained from the American Type Cul-
ture Collection, Manassas, VA were used in this study.
MDBK cells were grown in RPMI 1640 medium (Gibco/
BRL) supplemented with 10% BVDV-free fetal calf serum
(PAA Laboratories, Teddington, United Kingdom), 50
units/ml penicillin, and 50 mg/ml streptomycin (Life Tech-
nologies, Inc.) and maintained at 37°C with 5% CO2. Endo-
-D-N-acetylglucosaminidase H and peptide N-glycanase F
were from New England Biolabs.
Antibodies
MAb 210 raised against BVDV Erns glycoprotein and
MAb 214 and 166 raised against BVDV E2 glycoprotein
were purchased from the Veterinary Laboratories Agency,
Weybridge, United Kingdom. The anti-mouse horseradish
peroxidase conjugated secondary antibodies were from Am-
ersham.
Western blotting
MDBK cells were infected with BVDV at a multiplicity
of infection (m.o.i.) of 0.1. After 1 h of incubation at 37°C
the viral inoculum was replaced with medium containing
10% fetal calf serum. Thirty-six hours postinfection the
cells were harvested and lysed 1 h on ice in a buffer
containing 0.5% Triton X-100, 50 mM Tris–Cl (pH 7.5),
150 mM NaCl, and 2 mM EDTA (Triton TSE buffer) and a
mixture of protease inhibitors (Sigma). Cell lysates were
clarified by centrifugation at 10,000 g for 15 min and sol-
uble proteins were separated by SDS–PAGE, transferred to
nitrocellulose membranes using a semidry electroblotter
(Millipore), and detected with anti-BVDV Erns antibodies
(MAb 210, dilution 1/200) or anti-BVDV E2 antibodies
(MAb 214, dilution 1/1000) followed by anti-mouse anti-
bodies (dilution, 1/2000) conjugated to horseradish peroxi-
dase. The proteins were detected using an enhanced chemi-
luminescence (ECL) detection system (Amersham) by
following the manufacturer’s instructions.
Pulse-labeling and chase
Subconfluent MDBK cell monolayers grown in 25-
cm2 flasks were infected with BVDV at an m.o.i. of 0.1.
Thirty-six hours p.i., the monolayers were washed once
with PBS and incubated in methionine- and cysteine-free
RPMI 1640 medium (ICN Flow, Thame, Oxfordshire,
United Kingdom). After 1 h, the cells were pulse-labeled
with 100 Ci of [35S]methionine-[35S]cysteine (Tran 35S-
label, 1100 Ci/mmol; ICN Flow) per milliliter at 37°C for
the times indicated in the figures. Following labeling, the
isotope-supplemented medium was removed and the cells
were washed once with PBS and chased for various times
in RPMI 1640 medium containing 15 mM unlabeled
methionine. The cells were harvested at the time points
indicated in figures and lysed in Triton TSE buffer. In
experiments where the formation of disulfide bonds was
moitored, the lysis buffer was supplemented with 20 mM
N-ethylmaleimide, an alkylating reagent that interacts
with free sulfhydryl groups and avoids formation of un-
specific disulfide bonds and aggregation.
Immunoprecipitation, Endo H, PNGase F digestion,
and SDS–PAGE
Labeled cell lysates were clarified by centrifugation at
10,000 g for 15 min and precleared with 15 l of protein
G-Sepharose (Sigma) for 1 h at 4°C. The lysates were
then briefly centrifuged, and the supernatants were incu-
bated with anti-BVDV Erns antibodies (MAb 210, diluted
1:50) overnight at 4°C. Protein G–Sepharose (30 l) was
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then added to the supernatants, and the incubation con-
tinued for 1 h at 4°C. The beads were washed seven times
with 0.2% Triton X-100 TSE buffer and, where indicated
under Results, the supernatants obtained after brief cen-
trifugation at 6000 g were collected and reprecipitated
with anti-BVDV Erns or anti-BVDV E2 antibodies ac-
cording to the same protocol. For coimmunoprecipitation
experiments, the lysates were first immunoprecipitated
with MAb 210 (diluted 1:25); the slurry was washed
seven times with 0.2% Triton X-100 TSE buffer, and
bound proteins were eluted by boiling the samples for 15
min in 1% SDS. The eluates were diluted 10 times with
washing buffer and reprecipitated with anti-E2 antibodies
(MAb 166, diluted 1:50). The immunoprecipitated com-
plexes were eluted by boiling the samples for 10 min in
SDS–PAGE sample buffer, in the presence (reducing
conditions) or absence (nonreducing conditions) of 100
mM dithiothreitol. The Endo H and PNGase F digestions
were performed as indicated by the manufacturer’s pro-
tocol. Samples were separated by SDS–PAGE. The gels
were treated with Amplifier (Amersham), dried, and ex-
posed at 70°C to Hyperfilm-MP (Amersham).
Preparation of secreted BVDV particles
Subconfluent MDBK cell monolayers grown in 75-
cm2 flasks were infected with BVDV at an m.o.i. of 0.1.
Twelve hours p.i. the cells were pulse-labeled for 2 h.
The labeling buffer was then diluted three times with
RPMI 1640 medium supplemented with 10% BVDV-free
fetal calf serum and the incubation was continued for
24 h, to allow secretion and accumulation of labeled virus
into the medium. For Western blot experiments the cul-
ture medium containing secreted virus was harvested
36 h p.i. The virus-containing medium was centrifuged at
10,000 g for 15 min to remove the cells and cellular
debris. The resulted supernatant was concentrated five
times on Centriprep 30 (Amicon) in the presence of 20
mM N-ethylmaleimide. The virions from concentrated
medium were pelleted by ultracentrifugation through a
20% sucrose cushion in a SW 41 Ti Beckman rotor at
36,000 rpm for 2 h. The pellet was lysed in Triton TSE
buffer. Virus lysate was subjected to either immunopre-
cipitation with anti-Erns MAb 210 or immunodetection
with anti-E2 MAb 214.
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